Abstract The retroflex tract contains medial habenula efferents that target the hindbrain interpeduncular complex and surrounding areas. This tract displays a singular course. Initially, habenular axons extend ventralwards in front of the pretectum until they reach the basal plate. Next, they avoid crossing the local floor plate, sharply changing course caudalwards (the retroflexion alluded by the tract name) and navigate strictly antero-posteriorly across basal pretectum, midbrain and isthmus. Once they reach rhombomere 1, the habenular axons criss-cross the floor plate several times within the interpeduncular nuclear complex as they innervate it. Here we described the timing and details of growth phenomena as these axons navigate to their target. The first dorsoventral course apparently obeys Ntn1 attraction. We checked the role of local floor plate signaling in the decision to avoid the thalamic floor plate and bend caudalwards. Analyzing the altered floor and basal plates of Gli2 knockout mice, we found a contralateral projection of most habenular axons, plus ulterior bizarre navigation rostralwards. This crossing phenotype was due to a reduced expression of Slit repulsive cues, suggesting involvement of the floor-derived Robo-Slit system in the normal guidance of this tract. Using Slit and Robo mutant mice, open neural tube and co-culture assays, we determined that Robo1-Slit2 interaction is specifically required for impeding that medial habenular axons cross the thalamic floor plate. This pathfinding mechanism is essential to establish the functionally important habenulointerpeduncular connection.
Introduction
The habenula (Hb) consists of medial and lateral nuclei (mHb, lHb; Andres et al. 1999) , found at the dorsal part of the alar plate of prosomere 2 (p2; Puelles and Rubenstein 2003; Puelles et al. 2012) . The Hb receives basal forebrain inputs via the stria medullaris, and projects to the midbrain and prepontine hindbrain (isthmus and rhombomere 1) through the retroflex tract (rft) (Sutherland 1982; Morgane et al. 2005) . The mHb axons mainly innervate the interpeduncular nucleus (IP), zig-zagging several times across the r1 floor plate (Ramón y Cajal 1909, Vol. I). The lHb axons innervate various target nuclei in the midbrain (VTA; SNC) and the rostral hindbrain (e.g., the rostromedial tegmental nucleus and the dorsal raphe nucleus; Bianco and Wilson 2009 ). This pathway is highly conserved in all vertebrates; it connects the limbic forebrain with rostral hindbrain areas that participate in diffuse projection systems or their regulation, and is implicated in a repertoire of functions (Sutherland 1982; Klemm 2004; Lecourtier and Kelly 2007; Hong and Hikosaka 2008; Hong et al. 2011) including the control of the dopaminergic and serotonergic systems, circadian rhythms, aversive responses, psychosis, reproduction and maternal behavior, cognition and regulation of sleep (Bianco and Wilson 2009; Geisler and Trimble 2008; Viswanath et al. 2014) . Subtle alterations in the wiring of this system might account for some human pathophysiological conditions. Surprisingly, despite our abundant functional knowledge about this circuit, the development of the rft, the main efferent projection of the Hb, remains poorly understood. This information is of interest to better understand the hypothetical malformations or dysfunctions of this system.
The rft has a singular and unique trajectory. The habenular axons extend from the dorsal alar p2 to the ventromedian part of r1 (Fig. 1a; Puelles and Rubenstein 2003) . They do this by traveling first along the dorsoventral dimension of the caudal thalamic region (just rostrally to the thalamo-pretectal or p1/p2 boundary) and the subjacent thalamic tegmentum; curiously, they do not continue to penetrate and cross the local floor plate, and instead turn caudalwards into a rostrocaudal course across the medial pretectal and midbrain tegmentum (basal plate) into the rostral hindbrain (isthmus and r1), always just outside the floor plate (Fig. 1a) . Note the rft path has often been misinterpreted as stretching straightly from the habenula into the interpeduncular nuclei, without any bend; this error is partly due to the circumstance that the hairpin ventral bend of the cephalic flexure that deforms the mes-diencephalic territory masks the retroflexion of the habenulointerpeduncular tract (Fig. 1b) . The cited trajectory implies several key pathfinding decisions.
The first step, that gives rise to a tightly fasciculated rft running dorsoventrally in front of the caudal limit of p2, is well known. At least two repulsive effects and one attractive cue are postulated that orient the dorsoventral initial growth of the pioneering axons and prevent the axons from dispersing into the p1 or p2 alar plates. The repulsion from alar p1 is mediated by local interaction of Neuropilin2 (Npn2) with Semaphorin3F (Sema3F; Funato et al. 2000; Sahay et al. 2003) . In addition, interaction of Sema5A with heparan and chondroitin sulfate proteoglycans promotes the fasciculation of the rft tract and causes a repulsive effect that restrains developing axons from penetrating other parts of the p2 alar plate (Kantor et al. 2004) . Finally, Netrin1 (Ntn1) is an attractive cue released by the basal plate, which promotes ventralward growth of the rft axons along the remaining permissive route via its main receptor, Deleted in Colorectal Cancer (DCC; Funato et al. 2000) . However, these mechanisms do not account for the complete trajectory of the rft. Other signaling cues must prevent the crossing of the p2 midline floor and redirect the axons to turn (retroflex) and navigate caudalwards across p1 and midbrain, to reach the target nuclei in the rostral hindbrain. The floor plate is known to secrete different signals active in axonal guidance (Colamarino and Tessier-Lavigne 1995; Tessier-Lavigne and Goodman 1996; Kaprielian et al. 2001) . The main molecules identified so far are Ntn1 (Kennedy et al. 1994) , Slits (Long et al. 2004) and Semaphorins (Zou et al. 2000) . The Robo/Slit signaling mechanism generally participates in midline repulsion of many axonal systems such as commissural axons (Long et al. 2004) , pioneering longitudinal axons (Farmer et al. 2008; Devine and Key 2008; Kastenhuber et al. 2009; Kim et al. 2011; Zhang et al. 2012) and various other axonal projections in the forebrain (López-Bendito et al. 2007; Bagri et al. 2002; Plump et al. 2002; Ricaño-Cornejo et al. 2011) .
The aim of this report is to describe in detail the embryonic development of the mouse rft, focusing experimentally on the pathfinding decision taken by its Fig. 1 Rft path in the context of the prosomeric model. a Simplified lateral view of a straighten neural tube with the prosomeric model displaying the normal course of the rft. b Schematic neural tube with the natural cephalic flexure with the prosomeric model displaying the normal course of the rft. Hb habenula, IP interpeduncular nucleus, Ist isthmus, p1 prosomere 1 (pretectum), p2 prosomere 2 (thalamus), p3 prosomere 3 (prethalamus), r1 rhombomere 1, r2 rhombomere 2, rft retroflex tract pioneering axons where they change from their initial dorsoventral course into a caudalward trajectory. We analyzed the role of floor-plate signals in this navigational behavior, focusing our analysis on the Robo-Slit signaling mechanism and its presumable role in the investigated phenomenon.
Results

Trajectory of the rft in the adult brain and embryonic development
We first re-examined the rft trajectory in the adult mouse, since a description based on the prosomeric model was not available, and several sources in the literature hold that its course is straight from the habenula into the interpeduncular nucleus. We used Pou4f1-tauLacZ the transgenic mouse line as a model (Quina et al. 2005) to label mHb axons in the rft with X-gal (Fig. 2a) . A first view to the adult section containing the full tract suggested a straight course. Nevertheless, the analysis of this data under the prosomeric model corroborated that these habenular axons first extend strictly dorsoventrally, caudally within prosomere 2, across its alar and basal plates, always in front of the p1/p2 or thalamo-pretectal boundary. Once they arrive at the p2 basal plate, they turn 90°, and thereafter navigate adjacent to the floor plate in a caudal direction, along p1, midbrain, isthmus and r1, where terminal arborization occurs (see below in Fig. 2d-g ). This navigation trajectory description becomes obvious in embryological stages where the cephalic flexure is still apparent. mHb DCClabeled rft in E18.5 ( Fig. 2b ; Quina et al. 2009; Schmidt et al. 2014) nicely showed this caudalwards bending in the proximity of the diencephalic floor plate ( Fig. 2c ; arrowheads in Fig. 2a-c To analyze in more detail the course of these axons when approaching the floor plate, we also labeled simultaneously the habenular complexes with a lipophilic tracer (lHb and mHb). In an E18.5 embryo, we marked the right habenula with DiI (red signal) and the left habenula with DiA (green signal). In this way, we compared the trajectories and projections of the two tracts ( Fig. 2d-g ). The tightly fasciculated habenular axons traveled ventrally (Fig. 2d , with the mHb axons occupying the core and the lHb axons the shell of the rft (Bianco and Wilson 2009 ). When they arrived at the proximity of the floor plate, both tracts flattened and bent caudalward ipsilaterally (Fig. 2e) . We noted that the mHb axons remain fasciculated close to the pial surface, while the lHb axons were less fasciculated and coursed in a deeper location. As they arrived at their targets, the lHb innervated the mesencephalic ventral tegmental area and substantia nigra pars compacta, as well as the rostral hindbrain raphe nuclei, the dorsal and ventral tegmental nuclei, the rhabdoid nucleus and the rostromedial tegmental nucleus as it was previously described (Fig. 2f, g; Bianco and Wilson 2009) . The mHb axons crossed and recrossed the r1 floor plate as they innervated the IP nucleus (Fig. 2f,  g ). To illustrate this trajectory we scanned, with an optical projection tomography scanner, an E15.5 brain with DiI in both habenulas (see video in Online Resource 1).
Therefore, during embryonic development rft axons must use pathfinding information at least at three points to fulfill their trajectories. We analyzed sequential stages of development to determine the precise timing by which these axons make these navigational decisions, as this information was not available in the literature. We also studied the distribution of the DCC receptor and prepared open neural tube explants (ONTs; the manipulation technique and specific territory markers are shown in Online Resource 2) with the Hb labeled with either DiI or DiA tracers. We detected the first mHb axons in the proximity of the basal plate at E11.5 (arrow in Fig. 3a) . DiI-labeled ONTs showed pioneering axons contacting the floor plate at this stage (Fig. 3b, b 0 ). One day later, the rft axons increased in number, and contacted the floor plate (Fig. 3c) . However, the DiI labeling revealed that the axons do not enter the floor plate, but instead modify their trajectory, orienting towards caudal territories (Fig. 3d, d 0 ). At E13.5, the tract appeared much thicker (Fig. 3e) , was clearly fasciculated and most of its fibers were uniformly bent caudalwards (Fig. 3f, f  0 ) . Surprisingly, at this stage some scattered rft axons crossed the floor plate and joined the contralateral tract (arrows in Fig. 3f 0 ).
Aberrant trajectory of the rft in the Gli2 mutant Our descriptive observations suggest that the floor plate probably releases or contains navigation cues that cause the rft to change its earlier dorsoventral course into a rostrocaudal one. The pioneering axons closely approach and even contact the floor plate but do not enter it and turn caudalwards. With the aim to understand the role of the floor plate, we analyzed the phenotype of the Gli2 mutant. This mutant fails to develop a floor plate due to altered Shh signaling, so that the ventral midline is formed by basal plate-like structures (Ding et al. 1998; Matise et al. 1998; Farmer et al. 2008 ) meanwhile the alar structures remained almost unaltered (see the Online Resource 3). In contrast with the wt situation, we found that both rfts contact each other and merge near the abnormal midline in an E18.5 Gli2 mutant brain ( Fig. 4a ; compare with an equivalent wt section in 4c). Strikingly, the resulting fiber bundle bent rostralward and ended in the rostral hypothalamus after crossing several times the midline (Fig. 4a ). We noted that the mixing of both rfts seemed asymmetric, due to the altered midline. To visualize this asymmetry, we differentially labeled the left and right Hb with DiA and DiI. The left rft (DiA, green; Fig. 4b ) singly crossed the altered midline first and then met the right rft on the right side (DiI, red; Fig. 4b ). After this, both tracts projected anteriorly together. With the aim to visualize more clearly the midline cross and the rostral trajectory of these tracts in the Gli2 mutant, we labeled differentially the Hb in an E13.5 mutant embryo prepared as an open neural tube explant (ONT; Fig. 4d , d 0 ). We found that initially the axons of both rfts navigated ventrally. The left rft (green) crossed the altered midline and joined the right rft (red); the resulting aberrant tract turned and proceeded rostralward at the right side, Fig. 2 Normal trajectory of the rft. a-c Vibratome sagittal sections of a X-gal-stained Pou4f1-tauLacZ adult brain (a) and E18.5 (b; higher magnification in c) immunoreacted against DCC. The black dotted lines define the boundaries between different neuromeres (p2, p1, Mb, Ist and r1). The red dotted line indicates the alar-basal boundary. dg Coronal sections of an E18.5 embryo, ordered from rostral to caudal levels, showing nuclear staining (DAPI) and differential fluorescent tracing of the two habenular efferent tracts (rft). We inserted DiI (right Hb) and DiA (left Hb) crystals. Insets show the level of the section. Hb habenula, IP interpeduncular nucleus, IPc caudal interpeduncular nucleus, IPr rostral interpeduncular nucleus, Ist isthmus, Mb midbrain, mtg mammillotegmental tract, p1 prosomere 1 (pretectum), p2 prosomere 2 (thalamus), pc posterior commissure, r1 rhombomere 1, Rbd rhabdoid nucleus, rft retroflex tract, RMTg rostromedial tegmental nucleus. Scale bar 200 and 50 lm in c eventually recrossing the anomalous midline in the hypothalamus (Fig. 4d, d 0 ; compare with the wt, Fig. 3f , f 0 ). We summarized the disrupted trajectory of the rft in the Gli2 mutant and the normal trajectory in the wt in idealized schemas, emphasizing the asymmetric crossing of axons and the antero-posterior mis-direction in the mutant (Fig. 4e) .
To illustrate this aberrant trajectory we scanned, with an optical projection tomography scanner, an E18.5 Gli2 
The expression pattern of Slits is affected in the Gli2 mutant
Robo-Slit signaling is one of the main mechanisms producing midline repulsion of axonal tracts (Long et al. 2004 ). On the other hand, Ntn1-DCC signaling is the main mechanism for attraction to the midline (Kennedy et al. 1994) . We know that in the Gli2 mutant the expression of the Slit factors and Ntn1 is affected in caudal parts of the central nervous system (Charron et al. 2003; Kadison et al. 2006; Farmer et al. 2008) . Therefore, we checked whether Slit1, Slit2 and Ntn1 are expressed in the wild-type floor and basal plate of p2 and p1, compared with the The arrow in (a) shows the first habenular axons arriving to the basal plate and the arrows in (f 0 ) points to scattered floor plate-crossing axons. fp floor plate, Hb habenula, Mb midbrain, p1 prosomere 1, p2 prosomere 2, pc posterior commissure, PT pretectum, rft retroflex tract, Th thalamus. Scale bar 200 and 100 lm in f corresponding abnormal median basal plate present in the Gli2 mutant. The DCC labeling allowed us to focus in the area where the rfts avoid the floor plate in the wild type and cross the midline in the Gli2 mutant (arrow in Fig. 5a, b) . In the wild type, Ntn1 was expressed in the ventricular zone all along the basal and floor plates (Fig. 5c ). In the mutant, Ntn1 was still strongly expressed in the median basal plate, though the expression was scattered in the area where the tracts met (arrow in Fig. 5d ). Slit1 was also strongly expressed in the wild-type basal and floor plates (Fig. 5e ). Its expression was strongly reduced in the Gli2 mutant (arrow in Fig. 5f ). The wild-type expression of Slit2 was restricted to the floor plate (Fig. 5g) ; in the mutant it was reduced and scattered in the median p2 area where the two tracts met (arrow in Fig. 5h ), but was still present in the floor of p3, rostral to that locus. Slit3 was not mapped since we know that it is not expressed in the floor plate of p2 during the time period when the axons avoid the midline (Farmer et al. 2008) . The observed alterations in the expression of the molecules analyzed are consistent with the aberrant phenotype observed in the Gli2 mutant.
Slit2 is the main repulsive cue for the rft axons We next focused on demonstrating the repulsive role of the Slits and investigated whether either Slit1 or Slit2, or both, were responsible for this effect. We confronted Hb explants with COS cells expressing Slit1, Slit2, both or control GFP-transfected COS cells in a Matrigel matrix. When the habenular explants were challenged with Slit1-expressing cells, the fibers did not show repulsion as the control experiment (Fig. 6a, b, e) . In contrast, a strong repulsion occurred in the presence of Slit2 or Slit1/2-expressing cells (Fig. 6c-e) . The quantification of this repulsive phenomenon showed that the difference between control with Slit2 and Slit1/2 experiments was statistically significant (Fig. 6e) . The Slit2 and Slit1/2 experiments did not show significant differences between them (Fig. 6e) . We confirmed our in vitro results analyzing the loss of function of these molecules in mice null for Slit1, Slit2 and Slit1/Slit2. As in the wild type ( Fig. 6f-h ), the Slit1 null embryos showed no rft phenotype; the mHb axons were not able to enter the diencephalic floor plate (Fig. 6i-k) and were observed in the r1 midline (arrow in Fig. 6j ). However, in the Slit2 null embryo (Fig. 6l-n) , the DCC-positive habenular fibers were observed to cross the diencephalic midline (arrow in Fig. 6m ). This phenotype was also observed in the double Slit1/Slit2 null specimens (Fig. 6o-q) . The rfts crossed the diencephalic midline (arrow in Fig. 6p ). This abnormal behavior was corroborated in frontal sections (arrow in Fig. 6r ). This is the same behavior observed in Gli2 mutants lacking the floor plate. Therefore, we confirmed in vitro and in vivo the role of Slit2 as a specific strongly repulsive cue for the navigating rft axons. Our data suggest that Slit1 either is not involved, or collaborates indirectly with Slit2, which is required in the repulsion of mHb axons by the floor plate.
Robo1 mediates Slit2 repulsion of the rft Once identified the ligand responsible for the midline repulsion, we investigated the receptor involved. We studied the expression pattern of the Slit receptors (Robo1 and Robo2; Brose et al. 1999; Li et al. 1999 ) during habenular development. We found that Robo1 was clearly expressed in the mHb (Fig. 7a, a 0 ), while Robo2 was not expressed (Fig. 7b, b 0 ). High expression levels correlated with the precise moment when the rft axons are being repulsed by the floor plate. We also confronted Hb explants from Robo1
?/-and Robo1 -/-embryos with Slit2-transfected COS cells. In Robo1
?/-tissue, the axons were clearly repulsed from the source of Slit2, (Fig. 7c) , whereas Robo1 -/-axons did not respond to the repulsive signal (Fig. 7d) . The quantification of the repulsive effect was statistically significant (Fig. 7e) . To confirm Robo1 function in vivo, we studied the rft of the Robo1 -/-embryos. The DCC-positive axons instead of avoiding the floor plate -/-embryos. ah Adjacent horizontal paraffin sections of one E12.5 wild-type specimen (a, c, e, g) and one Gli2 mutant embryo (b, d, f, h) at comparable section levels. a, b Immunohistochemistry against DCC. c-h In situ hybridization for Ntn1 (c, d), Slit1 (e, f) and Slit2 (g, h). The arrow in (a) and (b) shows the localization of the rft in a wildtype embryo (a) and in a Gli2 mutant (b). The arrow in (d, f, h) shows the alteration of the expression of these floor plate guidance cues where the rft adopts an abnormal trajectory. The dotted line indicates the boundary between p2 and p3 basal plate. The inset in (e) represents the section plane of all the images. Hyp hypothalamus, Mb midbrain, p2 prosomere 2, p3 prosomere 3. Scale bar 200 lm Fig. 6 Slit2 as the main repulsive cue for the rft. a-d E12.5 habenular explants were cultured with COS cells expressing GFP (a), Slit1 (b), Slit2 (c) or Slit1/Slit2. e Quantification of the total axon length proximal/distal ratio. COS cells transfected with GFP (control, 0.954 ± 0.077; n = 15) and Slit1 (1.023 ± 0.112; n = 14) had no repulsive effect on habenular axons. In contrast, the presence of Slit2 or both Slits produced a strong repulsion (0.514 ± 0.103; n = 10) and (0.585 ± 0.086), respectively. For statistical analysis Student's t test was used. Values are given as ±standard deviation. *p was \0.001 for Slit2 and Slit1/Slit2 compared with control. f-q Paraffin sagittal sections from an E18.5 wt (f-h), Slit1 (i-k), Slit2 (l-n) and Slit1/2 (o-q) mutant embryos labeled against DCC. r Transversal paraffin section from an E18.5 Slit1-Slit2 double mutant embryo labeled against DCC. The Slit1 mutant showed a normal rft trajectory like the wt. However, the Slit2 single mutant and the double Slit1-2 show a strong cross of fibers in the diencephalic midline (arrow in m, p, r). The arrows in (g, j) indicate the cross of fibers in the IP nucleus. Hb habenula, IP interpeduncular nucleus, Ist isthmus, Mb midbrain, p1 prosomere 1, p2 prosomere 2, rft retroflex tract, Th thalamus; scale bar 200 lm like in the wild type (Fig. 7f) partially entered directly into the midline (arrow in Fig. 7f ). As expected, the Robo2 -/-mouse did not display any abnormal phenotype in the rft (Fig. 7h) . We analyzed the double mutant to test a possible Robo2 compensatory effect on the rft axons in the Robo1 lack of function and the phenotype found was similar to the Robo1 -/-mouse (arrow in Fig. 7i ). The Robo1 -/-phenotype was clearly confirmed by labeling differentially with DiI and DiA the habenular nuclei in a Robo1 -/-ONT compared with the wild type (Fig. 7j, k) . Both tracts behaved similarly. As they approached the floor plate, the axons defasciculated and entered progressively into the floor plate as the tract proceeded into its caudalward trajectory (arrow in Fig. 7k ). In the Robo2 -/-there was no phenotype (Fig. 7l ) and the double mutant displayed an identical alteration (arrow in Fig. 7m) . Therefore, our results indicate that Robo1 is necessary and sufficient to mediate the midline Slit2-mediated repulsion of the habenular axons, whereas Robo2 is not involved in this process.
Discussion
In the present study, we described for the first time the mode and timing by which the mHb axons that constitute the rft make a major pathfinding decision. They eschew crossing the diencephalic midline floor and change from their initial dorsoventral course into an ipsilateral rostrocaudal trajectory that leads them into several rostral hindbrain targets. We found that in the absence of the floor plate, an aberrant mixed rft grows rostralward into the hypothalamus after an aberrant crossing of the midline. We determined that the absence of Slit2 is the signaling floor plate-derived cue responsible of this abnormal midline cross. We also identified Robo1 receptor as the sole partner for Slit2 in mediating this repulsion from the floor plate.
Trajectory and development of the rft
The distribution of various guidance molecules in time and space is one of the essential mechanisms for understanding axonal pathfinding. A careful morphological description of the embryonic development of the studied tract is a fundamental prerequisite, particularly when earlier descriptions have introduced a measure of confusion, as is the case of the rft. Our preliminary analysis employing the prosomeric model as an interpretive paradigm allowed us to conclude that the tract is truly topologically flexed caudalwards at 90 degrees at the basal plate of prosomere 2 (thalamic tegmentum), as interpreted by classic neuroanatomists. From there the tract courses strictly longitudinally across the medial tegmentum of prosomere 1 (pretectum) and midbrain, to reach final targets in the rostral hindbrain (isthmus and r1). The literature contains frequent reference to an oblique straight course of this tract from the dorsal habenula into the ventral interpeduncular complex, alluding to the observable adult configuration (Fig. 2a) . This erroneous concept results from using the alternative (now obsolete) columnar model of Herrick (1910) , which does not acknowledge the hairpinshaped cephalic flexure and misidentifies both the pretectum and the rostral hindbrain as parts of the midbrain (see Dong 2008) . It was thus thought plausible within the columnar conception that habenular axons coursed directly from the dorsal caudal diencephalon (the habenula) into the 'ventral caudal midbrain' (the interpeduncular complex). Nowadays, substantial genoarchitectonic and experimental evidence has accrued supporting the prosomeric boundaries entered in Fig. 1 (see Puelles et al. 2012) , which imply that the rft course extending beyond the point where the tract approaches the floor plate is strictly longitudinal, and orthogonal to its earlier strictly dorsoventral course within prosomere 2. The cephalic flexure is the morphogenetic cause that this change of direction is not readily apparent in the adult.
Obviously the assumptions about guidance possibilities for the rft are rather different depending whether the columnar or prosomeric models are employed in the preliminary analysis. The columnar model suggests an oblique straight course, whereas the prosomeric model indicates a change of course with orthogonal limbs. No evidence so far supports oblique straight axonal courses in the brain, and there is a large body of evidence supporting orthogonal relationships. We concentrated our attention on the retroflexion of the rft relative to prosomeric boundaries, which simultaneously implies a lack of crossing of the local midline. The trajectory of the rft apparently requires taking at least three decisions. Between E9.5 and E11.5, the rft axons sort out from the habenular area, fasciculating together and growing strictly ventralwards until they reach the p2 basal plate. This initial part of the course is known to be controlled by repulsive signals located in the alar plate of p1 and p2 (Sema3F and Sema5A, Funato et al. 2000; Kantor et al. 2004 ), which establish a narrow permissive corridor in front of the pretectum, complemented by an attractive signal from basal p2 (Ntn1, Funato et al. 2000) . At E11.5, the pioneering Hb axons reach the proximity of the floor plate, but, making a second pathfinding decision; they do not cross it and instead start navigating caudalwards. By E13.5, the rft is distinctly thicker, and the Hb axons arrive at the rostral hindbrain (isthmus and r1), where they make final targetting decisions; e.g., in the case of the mHb axons this implies crossing and recrossing several times the local midline as they innervate the IP. At this stage some scattered rft axons do cross the p2 floor plate. The rft trajectory underlines the importance of the floor plate in its pathfinding from the locus where it changes its initial course to its end in the hindbrain. Therefore, we aimed our efforts to understand better its role.
Altered Robo-Slit-mediated guidance mechanism of the rft Our observations indicated that the expression of Slit1 and Slit2 is diminished at basal p2 and p1 domains in the Gli2 mutant. Slit2, but not Slit1, acts as a repellent in interaction with the Hb axons, as we showed using in vitro and in vivo experiments. The Slit1 loss of function mice did not show any alteration in the trajectory of the rft. In the absence of Slit2 or both Slits, the rfts crossed abnormally over the midline, just as in the Gli2 phenotype. In contrast, in this case the joined tracts did not navigate rostralwards. These results indicate that Slit2 is the main thalamic floor plate midline repellent for the mHb axons. One striking result in the double mutant is that the axons entering the floor plate did not stall there, and were able to exit the midline contralaterally. Therefore, the axons probably have the capability to react to other repulsive cues from the floor plate, or are rendered there preferentially sensitive to attractive basal plate signals. Furthermore, the aberrant mixed tract navigated caudalward and did not recross the floor plate until it arrived at the normal midline crossing domain in r1 (the IP complex). Nevertheless, this terminal crossing within r1 is also severely altered in this mutant.
Robo1 and Robo2 are the main receptors that mediate the repulsion effects generated by the Slits factors in several axonal systems (Long et al. 2004; Farmer et al. 2008; López-Bendito et al. 2007) . Our Robo expression analysis in the Hb showed that Robo1 is expressed in the mHb during embryonic development, whereas Robo2 is not expressed. In the absence of Robo1, or in the double Robo1; Robo2, the mHb were able to enter the floor plate. Our explants showed that this is due to the lack of the capability to respond to Slit2. In contrast, in the absence of Robo2 alone the axons were still repelled by the midline floor.
In Robo1 loss of function mice, the phenotype was less severe than in the Slit2 or Slit1/2 double mutant. The axons crossed the midline progressively instead of directly as in the Slit2 or Slit1/2 mutant. The stronger phenotype of the ligand compared with the receptor indicates that there may be other receptors participating in this repulsive mechanism. Once again, the fact that the Robo1 mutant axons did not stall in the floor plate indicates that they are still able to detect other repulsive signals from the floor plate. Other Robo receptors, like Robo3 (Camurri et al. 2004; Marillat et al. 2004; Di Meglio et al. 2008) and Robo4 (Zheng et al. 2012) are also expressed in the developing brain. In the mHb only Robo3, but not Robo4, is expressed (see the Online Resource 5). A possible Robo3 contribution in the guidance of the axons cannot be excluded and it would explain the less severe phenotype of Robo1 mutant.
All these data reveal that the midline repulsion of the mHb axons is a complex process in which Slit2 is the main repellent. There may exist accessory repulsive cues that apparently force the axons to exit the floor plate after entering it, in the absence of the major Slit2 effect. The rft is a heterogeneous bundle of axons, in which Robo1 mediates the repulsion of mHb axons, but not of the lHb fibers, which lack this receptor.
The expression of Ntn1 is also altered in Gli2 mutants, but its persistent low signal levels may be sufficient to attract the rft towards the basal plate. The residual expression of Ntn1 probably is sufficient to attract the mHb axons ventralwards and the reduced midline expression of Slit1/2 apparently allows their aberrant midline crossing. The aberrant distribution of Ntn1 in the mutant, being abundant in the hypothalamus and almost absent in caudal territories could account for the anomalous rostralward trajectory of the rfts mixed tract.
Asymmetric phenotype
In the absence of a floor plate (Gli2 -/-) we constantly obtained an asymmetric phenotype in the rft trajectory. The left rft singly crossed the midline and joined the right rft, fasciculating with it. This resulting aberrant tract grew rostralward into the hypothalamus on the right side of the brain in the absence of a floor plate (Gli2 -/-), recrossing several times the midline. In lower vertebrates, the Hb nuclei show strong asymmetry. The left dorsal Hb is usually much bigger than the right dorsal Hb (Concha and Wilson 2001; Bianco and Wilson 2009) . This difference in size is also visible within the rft itself and in its final IP innervation (Aizawa et al. 2005; Kuan et al. 2007; Bianco and Wilson, 2009; Beretta et al. 2012) . A plausible explanation for our asymmetric phenotypes is that the alterations in the floor and basal plates have unveiled that the apparently symmetric Hb complexes of the mouse hide an asymmetric molecular background. Other plausible explanation lies in an asymmetric distribution of signaling cues due to altered floor and basal plates in Gli2 -/-. The rft asymmetrically navigated on account of this anomalous distribution.
In conclusion, the rft displays a complex trajectory across several neuromeres, whose causal explanation requires investigation of three main pathfinding decision points (sorting dorsoventrally out of the habenula, retroflexion at basal p2, with consequent longitudinal growth caudalward across the p1 and the midbrain tegmentum, and final zig-zagging across the medioventral IP complex in r1). In the literature, this trajectory has been usually misinterpreted due to disregarding the somewhat cryptic cephalic flexure of adult brains and accepting the now obsolete columnar view of the midbrain as extending from the rft all the way to the pons. We examined the retroflexion behavior and learned that a floor plate-related Robo1-Slit2 signaling mechanism is responsible for this crucial navigational decision. Our prosomeric interpretation of the trajectory of this tract, and its sequentially changing circumstances opens the possibility to interpret within the same robust causal scenario further phenotypes obtained in other signaling mutants as affecting rft development of the rft and many other tracts.
Materials and methods
Mouse strains
The day when the vaginal plug was detected was considered as embryonic day 0.5 (E0.5). All mouse manipulation and experimental procedures were performed according to the directives of the Spanish and European Union governments and protocols approved by the Universidad Miguel Hernandez CEIE Animal Experimentation Committee. Breeding and collection of Robo and Slit mutant mice were carried out under the approval of the IACUC of the University of Nevada, Reno.
Pou4f1 tau-lacZ strain
The Pou4f1 tau-LacZ strain was kindly provided by Dr. Eric E. Turner (Seattle Children's Research Institute). A transgene encoding tau-linked-LacZ is located under the Pou4f1 promoter (Quina et al. 2005) . The cells expressing Pou4f1 produce the enzyme galactosidase, which appears in the cell body and axonal projections due to the associated TAU protein.
Gli2
Zfd mutant mice
The Gli2 -/-mutants embryos (n = 10) were obtained by crossing Gli2
?/-parents maintained in a C57BL/6J background. The genotyping of the Gli2 ZFD allele was as described previously (Mo et al. 1997 ).
Robo and Slit mutant mice
-/-(n = 2) double mutant mice used were genotyped as previously described (Grieshammer et al. 2004; Long et al. 2004; López-Bendito et al. 2007 ).
Enzymatic staining
For b-galactosidase activity staining, an adult mouse was perfused with 2 % paraformaldehyde (PFA) in PBS. The open neural tube explant (ONT) was fixed with 2 % PFA during 10 min. 100 lm thick vibratome sections and the ONTs were stained by incubation in X-gal solution at 37°C overnight. The X-gal solution contained 1 mg/ml X-gal, 2 mM MgCl 2 , 20 mM Fe 2? and 20 mM Fe 3? in PBS.
In situ hybridization (ISH) and immunohistochemistry (IHC)
For ISH, mouse brains were fixed overnight in 4 % PFA in PBS. 7 lm paraffin sections were hybridized with the following digoxigenin-labeled probes: Dlx2 (J. L. Rubenstein), Netrin1 (O. Reiner), Slit1, Slit2, Robo1, Robo2 and Robo3 (O. Marín). The Robo4 cDNA was obtained from Source Bioscience (IMGSp981C08113D) . The open neural tube explants were hybridized with Gbx2 (M. Frohman), Shh (A. McMahon). Paraffin or vibratome sections were used for a-DCC IHC (1:100; Santa Cruz #sc-6535). In both cases, the protocols were as previously described (MorenoBravo et al. 2014 ).
Open neural tube explant technique (ONTs)
Timed pregnant mice were killed by cervical dislocation and embryos were dissected in cold 19 PBS. Heads from E11.5 and E13.5 embryos were cut off at the level of r2, and the mesenchyme and epidermis were removed. The neural tube was opened along the dorsal midline in caudorostral direction. The telencephalic vesicles and hypothalamus regions were eliminated, to obtain a flat tissue. The regions surrounding the area where the rft develops were kept intact. Finally the dissected neural tube preparations were cultured like an open book with the pial surface contacting a polycarbonate membrane (MilliCell PIC-MORG50). It was possible to recognize in the explants the diencephalic prosomeres (p1, p2 and p3), the midbrain and the isthmus/r1 region.
Axonal tracing
For axonal tracing, the ONTs were fixed for 1 h in 4 % PFA. Small DiI crystals (1,1 0 -dioctadecyl 3,3,3 0 ,3 0 -tetramethylindocarbo-cyanine perchlorate; Molecular Probes) or DiA crystals (4-4-dihexadecyl aminostyryl N-methylpyridinium iodide; Molecular Probes) were inserted into the habenular nuclei. The labeled ONTs were incubated at 37°C in 4 % PFA until the tracers had diffused sufficiently. DAPI (4 0 ,6-Diamidino-2-Phenylindole, dihydrochloride; Sigma #D9542) was used as a fluorescent nuclear counterstain, diluted in PBS at 0.001 % and incubated 10 min at room temperature. The Hb explants were placed on top of Matrigel drops, confronted to the aggregate of transfected cells, and covered with diluted Matrigel in Neurobasal culture medium (1:1; Gibco Life Technologies). The co-cultures were incubated for up to 48 h in Neurobasal medium supplemented with 19 B-27, 25 mM glucose, 2 mM glutamine and 100 U/ml pen-strep (Invitrogen).
After the incubation, the explants were fixed with 4 % PFA and labeled with a small DiI crystal. Each explant was divided into two 45-degree quadrants, proximal or distal to the COS7 aggregate. The axon lengths were summed within each quadrant and the ratio between proximal and distal length was calculated. To compare the mean ratios between control GFP and Slit1, Slit2 and Slit1/2 transfections, the test of Student was used (SigmaStat software).
Sample preparation and imaging for OPT Whole mount embryos labeled with DiI were embedded in 1.5 % agarose. Then they were cleared in Clear T solution (Kuwajima et al. 2013) . The sample was scanned in auto fluorescence channels (425 nm, blue), DiI (545 nm, red) and DiA (470 nm, green) fluorescence using the Bioptonics 3001 OPT Scanner. The images were reconstructed using in-house software designed as part of the Edinburgh mouse atlas project (Baldock et al. 2003; Christiansen et al. 2006) . Bioptonics 3001 OPT Scanner software was used to generate the 3D images.
